The paper deals with the influence of the convection coefficient and laminate thickness on multi-objective optimisation of the vacuum assisted resin transfer moulding cure stage for the manufacturing of wind turbine components. An epoxy resin system widely used in the wind turbine industry has been chemically characterised and the correspondent finite element implementation validated. The optimisation methodology developed links the finite element solution with a genetic algorithm and identifies a set of optimal cure cycles for a range of thicknesses (10-100 mm) able to minimise cure time (t cure ) and the maximum degree of cure gradient developed through thickness (Δα max ) during the cure stage as a measure of quality of the product. The results highlight that, by adding convection coefficient as design parameter of the process, significant benefits could be obtained when insulation is applied at the vacuum bag side for all thicknesses.
Introduction
The manufacturing of structural parts for wind turbine blades poses serious challenges to the composite manufacturing industry due to the large thicknesses involved. The main girder, which is made by either carbon or glass fibre laminates, of a wind turbine is responsible to carry the bending loads and therefore its quality is crucial. Typical laminate thicknesses for these parts are about 50 mm whilst the root section that connects the blade with the hub goes up to 100 mm. The preferred manufacturing process in the wind industry is Vacuum Assisted Resin Transfer Moulding (VARTM). Given the dimension of the wind blades (up to 88 m in length to date), the single-mould nature of the VARTM process allows to contain the tooling cost. However, with the thicknesses at play, the curing stage of the Vacuum Assisted Resin Transfer Moulding (VARTM) manufacturing process of such parts becomes complex. The final mechanical performance of a composite laminate highly depends on a successful cure stage. Due to the low thermal conductivity in transverse direction of the composite laminates detrimental exothermic reaction and overshoot temperature are likely to happen as the thickness increases. The occurrence of violent temperature overshoots leads to significant differences in thermal history and therefore differences in degree of cure through thickness. This introduces different chemical shrinkage and thermal expansion which affects mechanical performance and life span of the part [1] [2] [3] . This phenomenon becomes even more pronounced when dealing with thick and ultra-thick components [4] . It is therefore crucial that the thermochemical properties of the part are accurately modelled to simulate the cure stage and that the cure profile selected is optimised to avoid or reduce the gradient in degree of cure through the thickness. Furthermore process time considerations need to be taken into account as they drive process costs. Identification of optimal cure cycles to address these objectives is needed as a trial and error approach or experience driven design choices may fail in producing reliable outcomes.
Researchers have been studying the optimisation of the cure stage by seeking optimal cure profiles to minimise either cost related objectives (i.e. process time) or quality related objectives (i.e. temperature overshoot, degree of cure/temperature gradients [1] [2] [3] ). Attempts have also been made in the direction of addressing multiple objectives simultaneously. Optimal cure cycles for the minimisation of cure time have been addressed in literature for composite laminates made with epoxy resin and either glass or carbon fibre. The mechanical performance of the parts was ensured by setting quality control constraints such as maximum overshoot temperature allowed or cure uniformity through thickness. The thicknesses were in the range of 10-50 mm [5] [6] [7] [8] [9] [10] [11] [12] [13] . The optimisation problem of maximising performance has been investigated either by maximising final degree of cure of the part or by minimising residual stresses and distortion for part thicknesses in the range of 4-60 mm. Cure time constraints were applied to ensure reasonable duration of the process [14] [15] [16] [17] [18] [19] [20] [21] [22] . In the attempt to address both cost related and quality related objectives, researchers have been designing single weighted fitness functions to be minimised by finding optimal cure profiles. Thicknesses were in the range of 5-25 mm [23] [24] [25] [26] [27] [28] . A multi-objective optimisation problem to minimise cure time and maximum overshoot temperature by finding optimal cure cycles was carried out for 24 mm and 60 mm components. In addition to this, it was shown that variation in convection coefficient could significantly affect the outcome of the cure process [4] . A stochastic model of the cure process using surrogate model representation had been undertaken; the model had been linked with a GA for multi-objective problems. Optimal cure cycles were identified and reductions of about 40% were achieved in both temperature overshoot and cure time compared to standard cure profiles. Furthermore the reduction was accompanied by 20% variability reduction in both objectives [29] . However, little attention has been devoted to the influence of convection coefficient and to thicknesses reaching up to 100 mm on the VARTM process and on its optimal cure cycle solutions.
The aim of the paper is to look into the effect of convection conditions on optimal cure cycles to minimise cure time (t cure ) and maximum degree of cure gradient through thickness (Δα max ) experienced by the part during the curing process at each time step. To highlight the effect of the convection coefficient on the optimisation problem, three different thicknesses are considered. Solutions obtained when a constant natural convection boundary condition at the vacuum bag side (13.6 W/m 2°C ) is applied and when an optimisable convection coefficient between insulation (1 W/m 2°C ) and improved heat exchange with environment (20 W/m 2°C ) is addressed, are compared. The effect of thickness on the outcomes of the optimisations will be discussed for both the natural convection coefficient and the optimisable convection coefficient scenario. Also the effect of different thicknesses (10 mm, 50 mm and 100 mm) on the optimisation problem and on the achievable trade-offs between the objectives will be addressed in detail in the paper. The study is limited to the manufacturing of glass fibre/epoxy composite laminate via VARTM process which is a single-mould process occurring on a hot tool closed with a flexible vacuum bag at the top end, mimicking the industrial application. An epoxy resin system widely used in the wind industry has been chemically characterised. The optimisation methodology linking multi-objective Genetic Algorithm (GA) with Finite Element (FE) model is adapted and implemented [4] . A solution of the cure stage of a VARTM process is carried out. Optimal sets of cure profiles and convection coefficient capable to minimise t cure and Δα max are identified and studied. The Pareto fronts obtained are also compared with the outcomes achieved when Manufacturer Recommended Cure Cycle (MRCC) is applied to the three different thicknesses.
Material sub-models
The heat transfer equation to solve to tackle the problem is the following:
Here ρ c , c pc and k c represents the density, heat capacity and thermal conductivity of the composite whilst T is the temperature. The term Q represents the heat generated by a source which in our case is given by the exothermic reaction of the resin and can be written as follows:
where ρ r is the density of the resin, v r the resin volume fraction, H r the total heat generated by the resin and dα dt the reaction rate of the resin. In order to solve the equation a number of constitutive material models need to be available namely: cure kinetics, specific heat and thermal conductivity of the resin plus the specific heat and thermal conductivity values of the fibre to compute the specific heat and thermal conductivity of the composite.
Chemical characterisation
The materials considered in this study are a non-crimp biaxial Eglass fibres fabric and the two component Airstone™ 780E epoxy resin and 785H Hardener system [30] used in wind turbine blade manufacturing. The cure kinetics characterisation campaign of the resin system has been carried out. A Perkin Elmer® Differential Scanning Calorimetry (DSC) has been used for the characterisation campaign. Four isothermal tests at 50, 70, 90 and 110°C and one dynamic test at 1°C/min have been carried out.
The development of the glass transition temperature of the system has been also characterised. The samples were heated in the DSC at 1°C/min up to increasing final temperature and quickly cooled down to stop the cure. This was performed in order to produce different levels of partially cured samples. Subsequently the samples were heated at 10°C/min to identify the glass transition temperature in the heat flow signal. Three repeated tests per final temperature were run. The degree of cure reached by each sample was extrapolated from the 1°C/min dynamic experiment.
To validate the degree of cure prediction of the cure kinetics some additional validation tests were required. Pure resin samples with different degrees of cure were manufactured using mould of rectangular shape made of two aluminium plates with a slit in between. Rectangular shape samples with dimensions of 170 × 110 × 2.5 mm were manufactured. The freshly mixed resin was poured in the slit between the two aluminium plates, a thermocouple was located in the epoxy resin and after that the mould was placed in the oven to cure. Four different cure profiles have been used to manufacture samples with different degrees of cure namely 45 min at 70°C, 95 min at 70°C, 255 min at 70°C and 135 min at 110°C. After that, small pieces for DSC analysis were scraped from the original samples. A DSC run at 10°C/min was subsequently performed to identify the glass transition temperature of each manufactured plate. The effective thermal history that the resin underwent was measured by the thermocouple and fed to the cure kinetics model which provides the degree of cure of the sample.
Thermal properties
The specific heat capacity of the composite is obtained by computing the specific heat of E-glass fibres and epoxy resin. Thermal properties of the resin under study have been measured for the fully cured system at room temperature. The resin shows a thermal conductivity of 0.27 W/m°C and a specific heat of about 1200 J/Kg°C [31] . Among the few available data for thermal conductivity [32] the RTM6 epoxy resin match well these values for the fully cured samples therefore its constitutive models have been implemented. Validation of the heat transfer will prove the goodness of the assumption. The specific heat capacity of fibre, c pf , and resin, c pr , are represented as follows [4, 33] :
where A f cp and B f cp are fitting parameters of the linear dependence of fibre specific heat capacity on temperature. The specific heat model of the resin presents step behaviour when transition occurs. A rcp and B rcp are constants expressing the linear dependence of the specific heat capacity of the uncured epoxy on temperature and Δ rcp , C rcp and σ are the strength, width and temperature shift respectively of the step transition occurring at resin vitrification. The specific heat of the composite is then computed applying the rule of mixture formula:
here w f stands for the weight fibre fraction. Table 1 reports the fitting parameters for the specific heat material model for both the resin and E-glass fibre [4, 33] . The thermal conductivity of the composite is computed by accounting the contributions from both resin and glass fibres. The longitudinal component K 11 and transverse components K 22 , K 33 can be calculated as follows [34] : 
where v f is the fibre volume fraction, K lf and K tf are the longitudinal and transverse thermal conductivities of the fibres which in the case of glass fibres coincide and is equal to 1.03 W/m°C. As for the thermal conductivity of the resin, K r , values from literature have been used [4] .
Here 
Cure simulation
The thermo-chemical problem occurring during the cure of the composite part is modelled and solved using the Finite Element solver Marc.Mentat® [35] . The elements used for the simulation are threedimensional isoparametric 8-nodes brick composite for heat transfer analysis (Marc® element type 175) [36] . Material properties and boundary conditions are implemented using user subroutines [37] . With regard to the FEA models used for the optimisation procedure, since VARTM process is used by the wind turbine industry natural air convection boundary condition at the vacuum bag side is applied using UFILM user subroutine. The ambient temperature considered for the natural convection is 25°C whilst the convection coefficient is equal to 13.6 W/m 2°C in the case where the convection coefficient is kept constant [38] . Since curing during the manufacturing of wind turbine blades occur on a hot tool, time dependent fixed temperature boundary condition is applied at the nodes in contact with the mould following the thermal profile set by the optimisation with FORCDT user subroutine. Initial temperature condition equal to ambient temperature is applied to all the nodes in the model. The cure kinetics were implemented using the UCURE user subroutine whilst thermal properties such as specific heat and thermal conductivity were implemented using USPCHT and ANKOND user subroutines. Fig. 1 depicts a schematic of the model boundary condition application. Although the models are implemented in a 3D analysis the temperature evolution is as a matter of fact one dimensional. This is achieved by using a single element for both in plane directions which alongside the implied zero heat flux boundary condition on the corresponding boundaries results in infinite length and width. In the through-thickness direction the model comprises 16 elements and 68 nodes. A mesh convergence analysis has been performed for the 100 mm thick component. The number of elements was kept the same also for the thinner parts as the computational time for one run was in the order of minutes.
Multi-objective optimisation methodology
The multi-objective optimisation problem has been set in order to find optimal cure cycles and convection condition that minimise t cure (cost related objective) and Δα max (quality related objective). The MRCC for the resin system under study imposes a one dwell profile at 70°C. The optimal cure profiles have been sought among two dwells cycles [3] . Therefore four parameters have been identified for parameterisation, namely: temperature of first and second dwell (T 1 , T 2 ), duration of the first dwell (Δt 1 ) and ramp rate (r). Furthermore the convection coefficient (h) has been added as parameter of the optimisation. Fig. 2 reports the general shape of the MRCC and the shape of the proposed parameterisation of the two dwell profile. A GA capable to deal with multi-objective optimisation problems has been adapted and tuned for the problem under study. The GA adopted has been tested against standard benchmarks problem and its reliability and results reproducibility assessed [4] . Table 2 reports the range investigated in the optimisation runs for each parameter. Regarding T 1 , a temperature of 30°C has been chosen as lower limit since it would be not feasible curing at temperature lower than ambient. The upper limit is set at 70°C as this is the MRCC temperature. The upper limit of T 2 is set at 105°C due to technological limitation of the moulds. The first dwell duration range has been selected in order to allow the GA to select one dwell scenarios in the case of t cure shorter than Δt 1 . Ramp rate range has been decided according to technological limitation of the mould used in industry. As for the convection coefficient, according to [36] , the standard natural convection coefficient is equal to 13.6 W/m 2°C therefore the range has been chosen in order to allow scenarios where insulation is applied (h < 13.6 W/m 2°C ) and scenarios where improved heat exchange with the environment is applied (h > 13.6 W/ m 2°C ). The t cure is defined as the time at which the minimum degree of cure reached in the model is 93% therefore the duration of the second dwell is not a parameter of the optimisation. The 93% degree of cure threshold is chosen as this is the degree of cure reached by the epoxy resin with an isothermal DSC run at the cure temperature of 70°C.
A total of three test cases have been taken into account. The components are flat panels with different thicknesses. The thicknesses addressed are 10 mm for the thin case, 50 mm for the thick case Table 1 Parameter values for material property sub-model of the coupled thermo-chemical simulation [4, 33] .
Parameters
Values Units [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] resembling the girder of the wind blade and 100 mm which is typical thickness of root insert sections. Initial and boundary conditions applied to the models are as described in Section 3. The optimisation methodology uses an interface built in C++ to link the GA optimiser and the FE models built in Marc.Mentat. Fig. 3 illustrates the function of the interface. The GA generates a new set of four or five parameters at each iteration depending on whether the convection coefficient is considered. The interface creates a copy of the Marc.Mentat input file by copying line by line the old input file and updating at the correct location the new file inserting the new parameters generated. After that a command to execute the FE simulation with the modified input file is run. During the simulation run the objective of interest are made available by user subroutines [37] . The UPSTNO user subroutine read the temperature and degree of cure at each increment of the simulation and the Δα max for the corresponding increment is stored into a variable.
Once the minimum degree of cure threshold is reached the UEDINC user subroutine withdraw the corresponding t cure and store the value into a variable. At the end of the run the interface writes the values of t cure and Δα max in two text files. The interface opens the text files, reads the values and sends them to the GA. At this point a new iteration starts. Table 3 reports the GA optimisation parameters used for the three cases. The number of individuals per population, of individuals used per reproduction and elite individuals has been doubled for the thick and ultra-thick cases with respect to the thin case. The non-linearity of the cure process increases with thickness making the landscape of the problem riddled with more local minima where the GA can get trapped [4] . Increasing the size of the initial population helps the GA to not get trapped in local minima. Table 2 Design parameter ranges.
Parameters Ranges Units
Fig . 3 . GA and FE communication interface. 
Results and discussion

Resin cure kinetics and Di Benedetto equation
The experimental data have been fitted with the following kinetics model proposed by Khoun et al. [39] :
where α is the degree of cure, α c , α T , are coefficients controlling the transition of the kinetics from chemical to diffusion control, m, n are reaction orders for the n-th order and autocatalytic terms, A is a preexponential Arrhenius factor, E is the activation energy of the Arrhenius functions, T is the absolute temperature, R is the universal gas constant. Fig. 4 (a) reports the fitting of the experimental data with the proposed models whilst Table 4 reports the fitting parameters.
The glass transition temperature model to fit the experimental data follows the Di Benedetto equation [40] :
here ∞ T g and T go are the glass transition temperatures of the fully cured and uncured material respectively and λ is a fitting parameter governing the convexity of the dependence. Fig. 4(b) illustrates the quality of the fitting together with the validation data points and Table 4 reports the fitting parameters of the cure kinetics and glass transition temperature development models.
Cure model experimental validation
In order to validate the cure kinetics and the through-thickness heat transfer model developed, two laminates have been manufactured. The The first cure cycle prescribes a ramp at 0.83°C/min up to 50°C, 50 min dwell at 50°C, ramp at 0.83°C/ min up to 100°C, 400 min dwell at 100°C, the second cycle was the MRCC which dictates a ramp at 0.33°C/min up to 70°C and an isothermal dwell at 70°C for 240 min [30] . The aim of the tests is to monitor the temperature evolution through the thickness and compare the data from the experiment with the cure simulation prediction. One thermocouple was placed at 15 mm and one at 1 mm through thickness. The laminate infusion occurs at room temperature. The infusion time for the two laminates was in the range of 101-104 min. To validate the heat transfer model and the cure kinetics through the thickness of the laminate a convection boundary condition has been applied at the top and bottom of the two aluminium plates with a sink temperature following the cure profile and a convection coefficient of 13.6 W/m 2°C [38] since the curing occurred inside the oven. The cure model with the aforementioned boundary conditions has been run and the thermal history predicted by the model for the nodes at 15 mm and at 1 mm through thickness have been compared with the ones detected by the thermocouples placed at the same locations during the experiment. Fig. 5 shows the comparison between the predicted and measured temperature at 1 mm and 15 mm thickness of the laminate. The agreement between model prediction and measurements is highly satisfactory. The accuracy with which the FE model predicts the temperature evolution through thickness guarantees that the thermal properties adopted in this study are adequate for the resin system studied and that the exothermic reaction described by the cure kinetics is accurate.
Multi-objective optimisation results
Figs. 6-8 report the results of the multi objective optimisation for the thin (10 mm), thick (50 mm) and ultra-thick (100 mm) case respectively. In all cases, the optimisation converges to a Pareto front highlighting the existence of optimal trade-offs between the objectives selected. The optimisation methodology is able to identify and quantify the efficiency solutions existing within the landscape of the problem. The L-shape of the Pareto fronts points out the competitive nature of the cost and quality related objectives, enforcing the necessity of a multiobjective analysis. It also suggests that a division of the objective space in two regions exist. One in which cure time is prioritised over the Δα max and significant improvements can be obtained in the Δα max with small changes in cure time (vertical part) and one where high importance is given to the Δα max and significant improvements in cure time can be achieved with little change in the Δα max (horizontal part). The maximum temperature reached by the solutions in the final Pareto fronts never exceeds 200°C. The degradation temperature for the current system is 330°C, therefore each solution belonging to the final Pareto fronts can be accepted since the maximum temperature stays well below the degradation temperature of the resin. In the following sections the results of the 10, 50, and 100 mm optimisations will be discussed in more detail. Afterwards, the effect of adding the convection coefficient to the optimisation and the effect of thickness of the laminates will be described. Finally, a comparison of the optimisation results with the results when the manufacturing recommended cure cycle is applied will be described.
Flat panel 10 mm results
The optimisation results for the 10 mm flat panel are reported in Fig. 6 . For this case convergence of the Pareto is achieved after 15 generations. A comparison between the Pareto obtained using only the cure profile parameters and with the addition of convection coefficient as optimisation parameter (WCCOP in Fig. 6 ) is shown. The introduction of the convection coefficient as design parameter brings significant benefits, shifting the Pareto towards shorter curing time and lower degree of cure gradients, achieving approximately 50% reduction in Δα max and 75% reduction in cure time. All the individuals in the final Pareto present convection coefficients close to 1 W/m 2°C meaning that insulation at the vacuum bag side brings benefits in both objectives. From Fig. 6 it is possible to identify three main zones in both graphs around which individuals tend to cluster. These zones translate into specific design choices. A quality conservative zone that allows longer process time to ensure small degree of cure differences through thickness, a quality non-conservative zone that allows higher degree of cure gradients during the process to favour process time and a transitional zone in which mixed behaviour can be identified. Table 5 reports the design parameters of candidate individuals (corresponding to A, B, C, A′, B′, C′ in Fig. 6 ) picked out of each zone for the 10 mm flat panel case. All the individuals show a high second dwell between 102 and 105°C. Specifically when only the four cure cycle parameters are optimised (i. e. without optimising the convection coefficient), conservative zone individuals (i.e. A) are characterised by a low first dwell temperature (i.e. 43°C), long first dwell duration (i.e. 208 min) and very mild ramp rate (i.e. 0.13). The design parameters for this zone point toward mild development of the reaction switching to the higher second dwell once the chemical potential of the resin has been exploited and an increase in temperature will not trigger violent exothermic reaction. As a result the final part has the lowest Δα max (i.e. 0.07) but a long t cure (i.e. 803 min). Moving toward the other two zones (i.e. B, C) the trend shown is to seek faster t cure . This is achieved by increasing the temperature of first dwell (i.e. 57.8°C for the transitional and 68.2°C for the non-conservative zone), decreasing the duration of first dwell (i.e. 138 min for the transitional and 2 min for the non-conservative zone) and by increasing the ramp rate (i.e. 0.87°C/min for the transitional and 3.4°C/min for the non-conservative). This results in shorter t cure but higher Δα max during the process (i.e. 0.12 for the transitional and 0.22 for the non-conservative zone) and therefore progressively lower quality of the part. When the convection coefficient is added as optimisation parameter, optimal individuals (i.e. A′, B′, C′) show a value close to 1 W/m 2°C meaning that insulation on the vacuum bag side of the process is beneficial in terms of both objectives. The introduction of insulation at the top allows more aggressive design parameter choices (i.e. higher ramp rate and first dwell temperature and shorter first dwell duration) compared to the case without it and resulting in significant improvements in both objectives. Fig. 7 reports the optimisation results for the flat panel 50 mm cases. Convergence is reached after nine generations. Observing the design parameters that led to the Pareto front it is possible to identify three categories of individuals in the Pareto behaving similarly. Candidate individuals (i.e. A, B, C, A′, B′, C′) are picked out the Pareto front and highlighted in Fig. 7 . Table 5 reports the details of these individuals. All the individuals present a high second dwell in the range of 101-105°C. When convection coefficient is not used as optimisation parameter the conservative individuals (i.e. A) show a first dwell temperature of about 52°C, with duration of about 50 min and 2.3°C/min ramp rate. The cure ends after 180 min with the lowest Δα max . As the thickness increases it becomes more challenging to keep the cure time long and therefore develop mild reaction. An increase in first dwell temperature together with a decrease in first dwell duration marks the passage from conservative zone towards transitional and non-conservative zones (i. e. B, C respectively). These individuals present first dwell temperature higher than 60°C, shorter first dwell duration (46 min for individual B and 4 min for individual C) and a quick ramp up to the second dwell (3.5°C/min). This results in shorter t cure (90 and 50 min for individual B and C respectively) but higher Δα max , 0.38 and 0.73 for individual B and C respectively. In this case, the introduction of convection as parameter brings benefits (up to 50% reduction in Δα max ) for the individuals in the conservative zone whereas the benefits are negligible in the non- Table 5 Design parameters for the 10, 50 and 100 mm flat panel individuals.
Flat panel 50 mm results
Zone
Design parameters°T of insulation is beneficial also for the 50 mm thick panel. However it is only in the case of conservative individuals (i.e. A′) that differences in cure profiles can be found whilst in the case of transitional and nonconservative individuals (i. e. B′, C′ respectively) the cure profile look similar to the case without convection coefficient as parameter. It is interesting to notice that in this case due to the larger thickness at play, individual A′ presents a first dwell temperature of about 42°C which is 10°C less than individual A. This is opposite behaviour compared to the 10 mm scenario suggesting that for thicker parts the effect of applying lower convection coefficients needs to be counteracted by a decrease in first dwell temperature and longer first dwell duration (i. e. 77 min for individual A′). To understand why there is a difference in the cure behaviour for A and C, the cure and temperature profiles of the 50 mm case will be investigated in more detail in Section 5.3.4. Fig. 8 illustrates the optimisation results for the flat panel 100 mm cases. The convergence is reached after 11 generations and proved to be the most demanding optimisation problem with a computational time of 2820 min. The Pareto front seems to show a change in convexity, however this has to be attributed to the minimum temperature allowed in the optimisation (i.e 30°C). Lower curing temperatures would result in the standard L-shaped Pareto, however these temperature are not possible in practice therefore are excluded in the first dwell temperature range. Analysis of the design parameters of the Pareto individuals allow to identify common trends within same clusters of individuals. Candidate individuals (i.e. A, B, C, A′, B′, C′) are selected and highlighted in Fig. 8 whilst the corresponding design parameters are reported in Table 5 . All the individuals present second dwell in the range of 100-104°C. When the convection coefficient is not used as parameter, the first dwell temperature is at its lowest compared to the 10 and 50 mm case. Individual A in the conservative zone has a first dwell temperature of about 30°C, Individual B 40°C and individual C 52°C. The strategy for these points is dictated by the high thickness at play and makes the degree of cure develop at a low temperature to lower the chemical potential of the reaction when the ramp to the second dwell occurs. The first dwell duration for individual A and B are in the range of 80-90 min whilst the individual C has a short first dwell which brings the profile to the high second dwell temperature resulting in the shortest t cure . The introduction of convection coefficient as optimisation parameter introduces benefits for the individual in the conservative and transitional zone (i.e. A′, B′). The optimal convection coefficient is in the range of 1-3.4 W/m 2°C which means application of insulation at the bag side. In specific individuals A′ and B′ show shorter first dwell duration and higher second dwell temperature compared to individual A and B. Furthermore, non-conservative zone individuals in both 50 and 100 mm case (i. e. C, C′) are obtained essentially applying one dwell cure profile leading to a fast process but larger amount of process induced defects.
Flat panel 100 mm results
Effect of convection coefficient on Pareto fronts
From the observation of Figs. 6-8 and Table 5 , it is possible to notice that the convection coefficient always tends towards insulation of the vacuum bag side which is in contrast to results shown in [4] . In that study, the effect of different convection coefficients on Pareto fronts has been investigated in the case of curing inside a fan oven. The results in 
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Composites Part A 123 (2019) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] this case showed Pareto front worsened when a lower convection coefficient is applied. In that case, unlike the problem currently under study, the sink temperature of the convection boundary condition followed the cure profile since the cure process occurred in the oven. Therefore application of insulation in this case would trigger uncontrolled exothermic reaction leading to worse thermal gradients through thickness. In the current study, the effect of convection coefficient is investigated when the curing occurs by means of hot tool plate for a single mould process. In this scenario the sink temperature of the convection boundary condition is equal to ambient temperature. Therefore, applying a lower convection coefficient at the vacuum bad side influenced the process positively shifting the Pareto towards shorter t cure and lower Δα max . However the magnitude of the benefits brought differs. For the 10 mm case the benefits are similar throughout the different zones whilst for the 50 mm and 100 mm case only the conservative zone individuals see a significant benefit. In order to understand this behaviour it is necessary to look at the temperature and degree of cure evolution through thickness of individuals belonging to different zones. Fig. 9 illustrates the temperature and degree of cure evolution of the nonconservative points for the 50 mm flat panel in the case when convection coefficient is not used as optimisation parameter (a and b respectively) corresponding to point C in Fig. 7 and in the case when it is an optimisation parameter (c and d respectively) corresponding to point C′ in Fig. 7 . The application of a convection coefficient equal to 1 W/m 2°C (i.e. insulation) in this case does not generate different curing behaviours. The two solutions are equivalent and only the magnitude of the temperature overshoot generated at the vacuum side changes, being 10°C higher for individual C′. In both cases, due to the exotherm generated, the last region to reach the target degree of cure is the one in contact with the tool. Fig. 10 presents the temperature and degree of cure evolution of the conservative points for the 50 mm flat panel in the case when convection coefficient is not used as optimisation parameter (a and b respectively) corresponding to point A in Fig. 7 and in the case when it is an optimisation parameter (c and d respectively) corresponding to point A′ in Fig. 7 . In this case the benefits brought by the application of a convection coefficient equal to 1 W/m 2°C (i.e. insulation) are significant, about 30% reduction in t cure and about 65% in Δα max . It is possible to notice in the temperature evolution plots that when insulation is applied, the region at the vacuum bag side experiences a significant temperature overshoot. This reflects in a different cure evolution compared to the non-insulated case. From the degree of cure evolution it is possible to highlight that when the vacuum bag side of the flat panel experiences temperature overshoot, the last region to cure is the one touching the tool whilst when no temperature overshoot occurs it is the vacuum bag side that completes the cure last. This highlights that exothermic effect when controlled and understood can be very beneficial. Fig. 11 reports the temperature and degree of cure evolution for the individual A of the 50 mm flat panel case. In one simulation, Fig. 11 (a, b) a convection coefficient of 18 W/m 2°C was applied whereas in the second simulation the convection coefficient was equal to 9 W/m 2°C .
The convection coefficients were chosen to be equally spaced from the standard convection coefficient (i.e. 13.6 W/m 2°C ). The simulations are intended to isolate the effect of convection coefficient on degree of cure evolution. The evolution of the degree of cure can be compared with 0.26). Furthermore, it points out that the midpoint temperature is slightly affected by the change in convection coefficient and that is the vacuum bag side region to experience the biggest change in temperature due to the change in convection coefficient. This leads in the case of Fig. 11(a, b) , to fail to reach the 93% minimum degree of cure target for the point at the vacuum bag side strengthening the significant role played by the convection coefficient in the process. Fig. 12 depicts the comparison of the Pareto front for the three thicknesses when natural convection is applied at the bag side. All the individuals belonging to the non-conservative zone end up with a short first dwell duration (about 2 mins) making the cure profile a quasi-one dwell. The results show a clear influence of thickness on the Pareto front. A previous work showed that higher thicknesses leads to Pareto fronts shifted towards higher t cure and maximum Δα max for thicknesses in the range of 3-24 mm [41] . This holds for the 50 and 100 mm Pareto fronts. The 100 mm Pareto fronts is about 50 mins shifted towards longer t cure and 0.03 towards higher Δα max . The Pareto front for 10 mm case does not fall within this framework. This can be explained considering that the cure behaviour of the 50 mm and 100 mm case are alike both involving temperature overshoots whilst the 10 mm case involves a cure evolution with no temperature overshoot occurrence hence a comparison with the other Pareto fronts is not meaningful in this case. Furthermore, the Pareto fronts for the 50 mm and 100 mm show the majority of their solutions in the non-conservative zone whereas the 10 mm Pareto front has the majority of the solutions in the conservative zone. This is related to the selection of parameters ranges and the nature of the resin of the study. The first dwell lowest temperature selected is 30°C. The selection of first dwell temperature lower than 30°C would probably fill the conservative zone of the Pareto fronts for the 50 mm and 100 mm case. However curing temperatures lower than 30°C are not feasible in practice and therefore have not been considered in this study. On the other hand the selection of temperature ranges proves to be very conservative in the case of 10 mm. This highlights the importance of appropriate selection of design parameters and the necessity of optimisation methodology at the design stage. Table 6 reports the results obtained when MRCC has been applied to the different thicknesses cases. The MRCC fails to reach the 93% degree of cure requirement for both the 10 mm and 50 mm case stopping at 88% and 87% respectively. It is not meaningful therefore to quantify the benefits introduced by optimal solutions in terms of t cure and Δα max reduction since the process as a matter of fact failed to meet the quality requirements when MRCC was applied. With regards to the 10 mm and 50 mm cases the exothermic reaction generated by the MRCC is not strong enough to overcome the cool down due to the convection on the vacuum bag side; as a consequence the top part experience a colder thermal history that is not sufficient to reach the 93% requirement. For the 100 mm case the MRCC generated a solution meeting the set degree of cure requirements ending in 370 min and with a Δα max equal to 0.56. When compared to the solution obtained with the MRCC, the selection of Pareto points belonging to the conservative zone could lead up to 60% t cure reduction and up to 30% Δα max reduction. Any point in the Pareto brings t cure reduction greater than 60% therefore an engineering choice could be to maximise the reduction in Δα max hence selecting individuals in the conservative zone.
Effect of thickness on Pareto fronts
Comparison with MRCC solutions
Conclusions
In the present paper the chemical characterisation involving cure kinetics and Di Benedetto equation of the two components system Airstone 780E epoxy resin and 785H Hardener has been successfully undertaken. The relevant material models have been built. A heat transfer model considering heat generation from the cure process has been developed, implemented and validated through test. The cure simulation implemented in the FE solver Marc.Mentat constitutes the first published work describing the cure evolution of the system under study.
The multi-objective optimisation methodology developed is able to identify efficient design points for the manufacturing of thin, thick and ultra-thick components for the wind turbine industry, represented by 10, 50 and 100 mm in this study. However the results can be extended also to other fields. The multi-objective set-up optimises the two objectives (cure time: t cure and quality: Δα max ) independently without the need to assume a priori the weights/benefits associated to each objective. The final Pareto fronts contain solutions with different prioritisation of the objectives each one would be the solution of a specific weighted fitness function. The Pareto fronts show the competitive nature of two objectives selected. The multiple optimal design points in the Pareto can be ranked and selected according to the quality/cost ratio required by the end user. The results highlight that MRCC generates parts with lower final degree of cure and results in unnecessary long cure times. In the case of the 100 mm thick flat panel t cure reduction up to 60% and Δα max reduction up to 30% can be achieved compared to the solution obtained with MRCC. Moreover, an investigation of the influence of thicknesses on Pareto fronts demonstrated that higher thicknesses shift the efficient solutions towards higher Δα max level and longer t cure unveiling the hidden relationship between thickness and minimum Pareto front achievable.
Furthermore, the study suggests the idea of using convection coefficient as a new design parameter to consider alongside thermal profile. Introduction of the convection coefficient as additional parameter in the optimisation showed that the convection coefficient tends towards insulation values for all points studied (< 13.6 W/m 2°C ). The application of insulation at the vacuum bag side can lead to significant improvement in both t cure and Δα max reduction especially for points belonging to the conservative zone of the Pareto fronts. This could be achieved in first instance by placing insulating blankets at the vacuum bag side to decrease the heat exchange with the environment. Different thicknesses for the insulating material would generate different levels of insulation. Characterisation of the aforementioned blankets would be required before its use in industrial application. The measurement technique adopted in [38] can be implemented for this purpose. The same study shows that the measurements of convection coefficient shows local variability therefore challenges are foreseen with regard to this type of characterisation. Detailed analysis of the temperature and degree of cure evolution of individuals belonging to two different zones in the Pareto front of the 50 mm thick flat panel proved that the insulation is particularly beneficial when it introduces changes in the cure mechanisms by triggering exothermic phenomena through the thickness intense enough to allow the vacuum bag side to cure faster than tool side. A further benefit of about 30% reduction in t cure and 65% reduction in Δα max compared to optimal solutions obtained when natural convection coefficient was applied at the bag side can be achieved. It has to be noted that the strategy selected contributes to a uniformity of the cure through thickness which reflects into higher mechanical performances. The findings of the paper pointed out that exothermic effect can be used to improve the quality and efficiency of the manufacturing process when predicted and controlled and that appropriate insulation can help achieving it. More than this, the methodology implemented is an important step forward towards a first time right design of the process which can reduce scrapped parts and waste material, improve the quality of the final part, reducing cost and facilitating scheduling.
Further investigations require definition of stability areas and robustness of the solutions in the Pareto fronts. Considerations regarding deviations from nominal values for boundary and initial conditions are necessary. Discarding optimal solutions that presents high level of variability will lead to the generation of more robust Pareto fronts hence robust design choices. 
